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3Chapter 1: Introduction
Section A: Conformations and Solvolysis of Toxic Organophosphorus Compounds
The thesis entitled “Application of Computational Methodologies towards the
Conformational Studies and Solvolysis Processes of Toxic Organophosphorus Compounds and
Habit Modification of Ionic Solids with Impurities” involves computational investigations toward
the conformational analysis and degradation of toxic organophosphorus nerve agents and
morphology of ionic solids like NaCl in presence of impurities. In first part of the thesis,
computational studies have been performed to explore mechanistic details of solvolysis reactions
involving toxic organophosphorus (OP) nerve agents (Chart 1) which includes pesticides
(parathion, paraoxon and their simulant PNPDPP) and chemical warfare agents (sarin, GV and
VX) along with their conformational study.1-6 Most of the chemical warfare agents and
insecticides are organophosphate esters that can irreversibly react with the enzyme
acetylcholinesterase (AChE), inhibiting its control over the central nervous system.7-9 AChE
catalyses the ester hydrolysis process of the neurotransmitter acetylcholine (ACh) to terminate
synaptic transmission.10-12 Inhibition of AChE occurs through the phosphylation process of the
active serine residue with organophosphorus compounds, which results in acetylcholine
accumulation at cholinergic receptors site, thereby excessively stimulating the cholinergic
receptors.13-15 This can lead to various clinical disorders and sometimes death. Remediation of
such toxic contaminants therefore, continues to be a challenge for research groups. In particular,
chemical means of achieving efficient destruction of organophosphate esters, specially a facile
hydrolysis process is one of the prime focus in recent time.1,16 In this part of the thesis, we have
considered hydroperoxide and hydroxylamine anions as efficient α-nucleophiles over traditional
hydroxide anion (the one reported in the literature to degrade or solvolise the OP compounds)
before and after the inhibition of AChE in some cases. α-nucleophiles are known to have
superior nucleophilicity over normal nucleophiles with same pKa values. The term α-effect can be
defined as the abnormally enhanced nucleophilic reactivity shown by nucleophiles having an
atom with one or more nonbonding electron pairs at the α-position from the nucleophilic center.
In search of more effective nucleophilic agents, -N-O- type α-nucleophiles i.e.,
hydroxybenzotriozoles have also been used for the solvolysis of toxic organophosphate esters.1
The rate of solvolysis of such toxic esters are faster with these (-N-O- type) α-nucleophiles and
the observed results are explained based on the nucleophilic charges in that study.1Our ongoing
search for better nucleophiles towards the solvolysis of OPs compounds explored the solvolysis
of OP compounds with hydroxylamine anion (NH2O-) as -N-O- type α-nucleophile. This new
nucleophile is predicted to be more effective than some other reported α-nucleophiles. A brief
4review of the available experimental and theoretical results has been summarized on
degradation/solvolysis processes in the introduction chapter I.
X-ray crystallographic and molecular modeling studies have highlighted the role of the
hydrophobic and electrostatic effects on the binding of OP compounds inside the AChE active
site.17-24 Since the conformational properties of a solute are strongly affected by the change of
dielectric constant of the medium, the conformational aspects of the OP nerve agents in the low
dielectric medium (gas phase), as well as in high dielectric medium (aqueous), are quite
important in order to understand their destruction process and AChE inhibition property. A three-
dimensional quantitative structure-activity relationship25 study on several OP compounds with a
view to design a pharmacophore correlates with their observed potency. These studies point to
the importance of the orientation of the molecular fragments around the phosphorus atom for
their specific biological activity. However, very few theoretical/experimental attempts have been
made to correlate the conformational properties of OP compounds towards their destruction and
the AChE inhibition properties.26,27 Therefore, prior to any study, extensive conformational search
was performed on OP (PNPDPP, parathion, paraoxon, Sarin, GV, and VX) and modeled OP
inhibited AChE (VX-serine adduct) species to see the role of conformational isomerism on the
potential energy surfaces of solvolysis and reactivation processes.
Chart 1: Pesticides (1st row) and chemical warfare agents (2nd row) studied in this thesis.
Section B: Habit Modification of Ionic Solids with Organic Impurities
Second part of the thesis describes about the morphology of ionic solids in presence of
impurities or additive molecules which has been an important area of research since decades.28
The effect of impurity molecule onto the surfaces of alkali halides at molecular level is scarce in
the literature. For the first time, it has been shown that octahedron crystals instead of normal
5cubes are shaped, if NaCl is grown in the presence of urine.29a After that, many researchers have
reported the cube-octahedron shape transition for various experimental conditions. The
progressive change from cube to octahedron and dodecahedron shape is depicted in scheme
1.29bThe profound effect on the shapes of alkali halide crystals has been observed with inorganic
additives such as cadmium chloride, zinc chloride, and lead chloride and organic additives such
as urea, formamide, glycine, nitrilotriacetamide, citric acid.30 On the basis of speculations like
adsorption of additives on the specific crystal surfaces, influence of kinetic growth rate,
supersaturation, nucleation, temperature and pressure, many experimental observations have
been presented in the literature on the habit modifications of salt crystals.31 Our ongoing efforts in
rationalizing the morphology of alkali halides in presence of impurities at molecular level incited
us to examine the role of conformations of additives and pH of the medium towards the habit
modification of alkali halides. It has been reported that citric acid work as additive to modify the
salt crystals at certain pH conditions. The formation of octahedron crystals takes place at pH >
4.5 of sodium chloride solution in presence of citric acid.31g We have shown the importance of
conformation of citric acid under different pH conditions. We have also revealed that dissociated
forms of citric acid are responsible for habit modification of NaCl and the neutral form is
ineffective for such changes.
Scheme 1: Progressive change of morphology of alkali halide crystals from cubic to octahedron
and dodecahedron.
In literature, it has been reported that nitrilotriacetic acid (NTA) has no effect on the
growth habit of sodium chloride. Even though NTA has very close structural similarity with citric
acid except nitrogen atom at the center in place of carbon, NTA has been proved as non habit
modifier of NaCl. Our continuous effort in searching new additive molecules prompted us to
examine the influence of NTA having three carboxylic groups (similar to citric acid) on the habit
of salt crystals computationally. Our examination with slab model calculations, composition
6analysis and MESP (molecular electrostatic potential) studies suggested that NTA can affect the
morphology of rock-salt crystals. To confirm this, we have carried out experimental studies to
grow NaCl crystals in absence and presence of NTA. Our experimental studies have confirmed
that NTA contaminated sodium chloride solution can produce octahedron crystals instead of
normal cubic crystals at specific pH conditions. The concentration of NTA required to change the
morphology of NaCl is very less compared to other known additives.31f,32c The salt crystals were
confirmed to have superior free-flow characteristics31f compared to the normal cubic salt crystals
and the decomposition of NTA over time in aqueous systems is also an added advantage for
practical purposes.
The morphology of alkali halide crystals and its governing factors in presence of additives
has been unraveled by computational and experimental studies reported in this thesis. Influence
of solvent, composition of additive, molecular electrostatic potentials (MESP) of additive,
conformational isomers of additives, and pH of the medium seems to play an important role in
controlling the morphology of such alkali halide crystals. In this part of thesis, we have also
explored surface energy to be a quantitative parameter to predict the habit modification of rock-
salt crystals in presence of additives. Surface energies were originally designed to predict the
crystal morphology of pure substances. However, such information is not directly considered for
the prediction of crystal morphologies influenced by additives. We have suggested surface
energies can be employed to predict the morphology of sodium chloride surfaces induced by the
adsorbed additives or impurities. On the basis of first principles calculation, we have suggested
that surface energy of important planes (100), (110) and (111) can be considered to rationalize
the habit modification of sodium chloride in presence of additives.
We have employed density functional calculations employing periodic surface
calculations to gain insight at molecular level of such habit modifications.32 Three-dimensional
(3D) slabs of alkali halides at physical wave functions expanded in terms of numerical basis sets
have been used to model the interaction of additive molecules with surfaces. Local spin density
approximation with the Perdew-Wang correlational functional (LDA/PWC)33a,33b and the
generalized gradient approximation (GGA)33c-33e with the functionals, Becke, Lee, Yang and Parr
(BLYP)33f and Vosko, Wilk, Nusair-Becke and Perdew-Wang (VWN-BP)33g in conjunction with
DND and DNP double numerical basis sets using density functional program DMol3 (Material
Studio 4.1, Accelrys Inc.).33 Interaction energies were computed by subtracting the energies of
the additive molecules (Eadditive) and surface (NaCl: Esurface) from the energy of the adsorption
system  (NaCl slab with additive species: Eadditive/surface) as shown in equation 1.
7Eint = Eadditive⁄surface - {Eadditive+ Esurface}                                                (1)
Chapter 2: Conformational Study and Degradation of OP Nerve Agents via Solvolysis
Processes
This chapter of the thesis comprises four sections. Section 2.1 describes the simulant
behaviour of PNPDPP towards parathion and paraoxon and their conformational studies. The
extreme toxicity of OP nerve agents mandates that most laboratory research utilizes models or
simulants in place of these hazardous compounds.10,19 Especially, many researchers use
PNPDPP as a simulant to develop effective decontaminating reagents towards actual
compounds.20-24 However, the literature lacks the direct comparative data for PNPDPP and other
OP compounds to validate the use of former compound as simulant. This prompted us to
examine the simulant behavior of PNPDPP towards paraoxon and parathion by exploring the
alkaline hydrolysis of these compounds. Section 2.2 describes the conformational analysis and
solvolysis process of chemical warfare agent sarin with hydroperoxide and hydroxylamine
anions. Section 2.3 describes the conformational study and reaction mechanism of solvolysis
process of GV with OH-, OOH- and NH2O-. In Section 2.2 and 2.3, we have considered more
realistic nerve agents (sarin and GV) as computational methods offer ability to explore
mechanistic details of these reactions while avoiding exposure to these deadly agents.
Section 2.1:
The extreme toxicity of organophosphorus nerve agents and pesticides mandates to
employ models or simulants in place of the actual compounds in the laboratory. The importance
of simulants is known, however, their efficacy for direct comparison with the toxic
organophosphorus compounds is not well documented. A thorough conformational search was
performed with the Macromodel34a program using MMFFs34b-34f force field for paraoxon, parathion
and PNPDPP. The lowest energy conformations obtained at DFT calculations were considered
to model the alkaline hydrolysis process. We have examined the potential energy surfaces (PES)
for the alkaline hydrolysis of pesticides like paraoxon (diethyl 4-nitrophenyl phosphate), parathion
(O,O-diethyl O-4-nitrophenyl phosphorothioate) and PNPDPP (4-nitrophenyl diphenyl
phosphate), a simulant with bench mark method MP2/6-311+G*//B3LYP/6-311+G* + ΔGsolv
(HF/6-31+G*) level of theory. The calculated free energies of activation for the alkaline hydrolysis
of paraoxon and parathion are in good agreement with the available experimental activation free
energies. The computed results show that the reaction profiles for the alkaline hydrolysis of
paraoxon, parathion and PNPDPP are largely similar; however, the rate of hydrolysis of
parathion may be higher than that of paraoxon and PNPDPP. Such difference arises due to the
less electrophilic nature of the phosphorus atom of parathion molecule as observed in the charge
analysis study. The conceptual DFT analysis also showed the similar trend for the alkaline
8hydrolysis of paraoxon, parathion and PNPDPP with hydroxide anion. This computational study
provides a quantitative support towards the use of PNPDPP as a simulant for organophosphorus
compounds, which are hazardous for the laboratory purposes.
Section 2.2:
In this section, we have examined the reaction of the realistic nerve agent sarin (isopropyl
methylphosphonofluoridate) with hydroperoxide (HOO-) and hydroxylamine anion (NH2O-) with a
correlated molecular orbital and density functional theory. The profound effect was found for -
nucleophiles on the solvolysis process of sarin compared to alkaline hydrolysis. The lowest
energy conformer predicted for sarin using MMFFs34b-34f and MPW1K/MIDI!35a,35b methods was
found to be energetically same to that of the reported conformer employed for the reaction with
hydroxide. The enthalpy of activation calculated at MP2/6-31+G*//MPW1K/MIDI! + Gsolv (HF/6-
31+G*) level of theory for the reaction of hydroxylamine anion with sarin is 5.2 kcal/mol lower
than the barrier for alkaline hydrolysis (Figure 1). The composite method employed in this study
was found to be appropriate for such OPs and also useful for comparative study with available
data in the literature.4,6 The charge descriptions of the α-nucleophiles seem to correlate well with
their reactivity towards this organophosphorus compound (Figure 1). Conceptual DFT analysis
also showed the similar trend for the solvolysis of sarin with these nucleophiles. The importance
of intermolecular hydrogen bonding was also examined with the topological properties of electron
density distributions for (-X–H…O, X = O, N) using Bader’s theory of atoms in molecules (AIM)36a-
d and natural bond orbital (NBO)36e methods.
Figure 1: Potential energy surfaces calculated with MP2/6-31+G*//MPW1K/MIDI! + ΔGsolv
(HF/6-31+G*) level of theory for the attack of hydroperoxide (dotted line) and hydroxylamine
anion (solid line) on sarin along with calculated Mulliken and natural charges ( ) for the anionic
oxygens in hydroperoxide and hydroxylamine anions (red = oxygen; blue = nitrogen; white =
hydrogen).
300 µm
9Section 2.3:
This section demonstrates the solvolysis process of the organophosphorus compound P-
[2-(dimethylamino)ethyl]-N,N-dimethylphosphonamidic fluoride (GV) with simple nucleophile:
hydroxide (HO-) and α-nucleophiles: hydroperoxide (HOO-) and hydroxylamine anion (NH2O-).
The lowest energy conformer of GV used for the solvolysis process was identified with Monte
Carlo conformational search (MCMM)37a,37b algorithm employing MMFFs34b-34f force field followed
by DFT calculations. The profound effect was found for -nucleophiles towards the solvolysis of
GV compared to normal alkaline hydrolysis. Incorporation of solvent (water) employing SCRF
(PCM) model at B3LYP/6-31+G* showed that solvolysis of GV with hydroperoxide (activation
energy = 7.6 kcal/mol) is kinetically more favored compared to hydroxide and hydroxylamine
anion (activation energy = 11.0 kcal/mol and 9.2 kcal/mol, respectively). The faster solvolysis of
GV with hydroperoxide is achieved due to strong intermolecular hydrogen bonding in the
transition state geometry compared to similar α-nucleophile hydroxylamine anion. Assistance of
a water molecule in solvolysis of GV affects the activation barriers; however, the
hydroperoxidolysis remains the preferential process. The topological properties of electron
density distributions for (-X–H…O, X = O, N) intermolecular hydrogen bonding bridges have been
analyzed in terms of Bader theory of atoms in molecules (AIM).36a-d Further, the analysis was
extended by natural bond orbital (NBO)36e methods for the strength of intermolecular hydrogen
bonding in the transition state geometries. This study showed that the reactivity of these α-
nucleophiles towards the solvolysis of GV is a delicate balance between the nucleophilicity and
hydrogen-bond strength. Solvation governs the overall thermodynamics for the destruction of
GV, which otherwise is unfavored in the gas phase studies.
Chapter 3: Conformational Study and Degradation of Chemical Warfare Agent VX Before
and After Inhibiting AChE
This chapter of the thesis comprises four sections. Section 3.1 describes the role of
conformations of toxic organophosphorus compound VX towards the degradation of this nerve
agent. This also describes the reaction mechanism of VX with NH2O-. It involves four possible
pathways of solvolysis of VX. Section 3.2 describes the conformational analysis considered for
VX-serine adduct which is considered as model for VX inhibited acetylcholinesterase (AChE)
enzyme. Reactivation of organophosphorus compound inhibited AChE is required to get back its
catalytic activity towards the hydrolysis of ACh. This section also demonstrated the reactivation
process of VX-serine adduct with formoximate and hydroxylamine anions by applying DFT
approach with B3LYP/6-311G(d,p) level of theory with purpose of comparing the present results
with that of reactivation process of sarin-serine adduct.37c
10
Section 3.1:
To consider the reaction mechanism of VX with NH2O-, we have performed the
conformational search for the lowest energy conformer of VX using MMFFs method34b-34f and
density functional calculations with MPW1K/MIDIx method.35a,35b The lowest energy conformer
predicted for VX was found to be energetically more stable by 1.4 kcal/mol than that of the
reported conformer employed for the reaction with hydroxide and hydroperoxide ions.6 The
anomeric effect seems to be one of the major factors towards the stabilization of newly searched
VX than the reported structure (Figure 2). In the present study, we have used the lowest energy
conformation (a) of VX for the solvolysis with NH2O- anion.
Figure 2: (a) Lowest energy conformation of VX obtained from Monte Carlo conformational
search using MMFFs force field and DFT (MPW1K/MIDIx). (b) VX conformation reported with
MPW1K/MIDIx.6
Further, in this section, the reaction of the chemical warfare agent VX with hydroxylamine
anion (NH2O-) has been studied using a combination of correlated molecular orbital and density
functional theory. It has been found that the hydroxylamine anion leads to predominant formation
of non-toxic products for solvolysis of VX (Path A of Figure 3). The pathway which leads to toxic
products was found to be unfavorable both kinetically and thermodynamically with hydroxylamine
anion (Path B of Figure 3). Oxygen insertion leads to two competitive pathways in which P–OSR
cleavage leads to completely non toxic products (Path C of Figure 3) and the P–OEt cleavage
leads to products of which the toxicity is still not clear (Path D of Figure 3). The calculated
activation barrier for the rate determining step of hydroxylamine anion with VX was found to be
lower than that of hydroperoxidolysis and suggesting a more facile solvolysis with the former α-
nucleophile. The reactivity of the α-nucleophiles towards VX was correlated well with the
corresponding charges on nucleophilic oxygen atoms. The calculated results show that
11
hydroxylamine anion should act as a more potent nucleophile for the solvolysis of VX compared
to hydroperoxide.6
Figure 3: Energy profile diagram for reaction between VX and hydroxylamine anion nucleophile.
Section 3.2:
Figure 4: B3LYP/6-311G** optimized geometries of two unique conformers of VX–serine adduct and
their relative energies (kcal/mol) (grey = carbon, red = oxygen, blue = nitrogen, white = hydrogen and
orange = phosphorus).
In this section, initially, an extensive conformational search was performed for the VX-
serine adduct which is considered as a model for VX-inhibited AChE. The conformational
changes associated with the rotations of the C-O (SC1) and C-N (SC2) bonds were analyzed by
constructing a two-dimensional potential energy scan (Figure 4). The energy difference between
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the two unique conformers was 2.7 kcal/mol. The conformational difference between these two
VX–serine adducts is due to the orientation of the –NHCHO group of the serine moiety (Figure
4). Our close analysis of the crystal structures (PDB IDs: 1VXO and 1VXR) of VX-inhibited AChE
revealed that intramolecular hydrogen bonding is not present in any VX-inhibited AChE.37d To
examine the reactivation process of VX-inhibited AChE, we considered adduct 2, which closely
resembles the observed crystal structures.
(a)                                                                             (b)
Figure 5: B3LYP/6-311G(d,p) calculated free energy (kcal/mol) profile diagrams for the
reactivation of VX-serine adduct with formoximate (a) and hydroxylamine (b) anions in gas
phase.
Further, in this section, we have demonstrated the reactivation process of VX-serine
adduct with formoximate and hydroxylamine anions by applying DFT calculations with B3LYP/6-
311G(d,p) level of theory.37c The calculated results suggest that the hydroxylamine anion is more
efficient than the formoximate anion towards reactivation of VX-inhibited AChE. The reaction of
formoximate anion and VX-serine adduct is a two step process (Figure 5a), while the reaction of
hydroxylamine anion with VX-serine adduct seems to be a three step process (Figure 5b). The
rate determining step in the process is initial attack of the nucleophile to the VX of the VX-serine
adduct. The subsequent steps are exergonic in nature. The potential energy surface (PES) for
the reaction of VX-serine adduct with hydroxylamine anion reveals that the reactivation process
would be facile due to the lower free energy of activation by a factor of 1.7 kcal/mol as compared
with that of formoximate anion at B3LYP/6-311G(d,p) level of theory. The higher free energy of
activation for the reverse reactivation reaction between hydroxylamine anion and VX-serine
adduct further suggests that the hydroxylamine anion can be a very good antidote agent for the
reactivation process. The calculated results suggest that the V-series compound can be more
toxic than the G-series compound, which corroborates the earlier experimental observations.
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Chapter 4: Computational and Experimental Studies towards Habit Modification of Rock
Salt Crystals in Presence of Organic Additives:
This chapter of the thesis is comprised of two different sections 4.1 and 4.2. Section 4.1
describes the conformational analysis and additive behavior of citric acid towards habit
modification of rock-salt from cube to octahedron by means of slab model calculations. Citric acid
is a known habit modifier for NaCl at particular pH (>4.5).31g To explore the factors responsible
for citric acid to work as a habit modifier at such pH conditions, we have performed MESP
analysis along with the composition analysis of citric acid at different pH values in this section.
Similarly, section 4.2 describes the additive behavior of nitrilotriacetic acid (NTA) towards
morphology of sodium chloride along with the conformational analysis of NTA. This section also
includes composition and MESP analysis of additive molecule along with the slab model
calculations of adsorbed NaCl surfaces.
Section 4.1:
Figure 6: B3LYP/6-31+G* calculated lowest energy conformers for citric acid IIIa2 and
dihydrogen citrate IIIb2 in the gas phase are given in column 1. The closely related conformers
for citric acid and dihydrogen citrate with crystal structures are given in column 2 and 3,
respectively. The relative energies calculated for these conformers in the gas phase and
aqueous phase ( ) are given in kcal mol-1
This section describes the conformational search carried out for the additive, citric acid
and its dissociated forms with Monte Carlo search method employing MM2* force field38a-38c in
the gas phase. The structure of the carbon backbone of lowest energy conformations of
dissociated citric acids is largely distorted as compared to the lowest energy conformation of
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citric acid. Next, the force field optimized conformations for citric acid and its dissociated forms in
the aqueous phase were taken for higher level DFT calculations at B3LYP/6-31+G* level of
theory (Figure 6).33c,33f The aqueous phase calculations with DFT optimized conformers suggest
that the lowest energy conformers for citric acid and dihydrogen citrate are similar to that
observed with MM2*38a-38c optimized lowest energy conformers in the aqueous phase. These
results suggest that the economical force field calculations are reasonably accurate for predicting
the low energy conformers for citric acid and its dissociated forms.
Figure 7: The interaction energies (I.E, kcal/mol) calculated for dihydrogen citrate (IIIb) with
{100} and {111} surfaces of NaCl at GGA/PW91/DND //LDA/PWC/DND in aqueous phase.
Further, we have investigated the influence of citric acid under different pH conditions
towards the morphology of sodium chloride employing DFT calculations. The calculated higher
composition of citric acid at natural pH = 0.75 i.e., α0 = 0.99 is not effective for the habit
modification of sodium chloride. Quantum chemically derived molecular electrostatic potential
(MESP) showed the possible sites of citric acid and its dissociated forms with the estimated
deepest Vmin values and their magnitudes provide an insight for their interaction with the crystal
surfaces of sodium chloride. The composition analysis and MESP derived data suggest that the
dissociated forms of citric acid at higher pH values are responsible for the change in habit of
sodium chloride from cubes to octahedrons. Further, slab model calculations performed to mimic
the surfaces of sodium chloride with DFT methods using a conductor-like screening model in the
aqueous phase (COSMO)39a,39b for the interactions of citric acid and dihydrogen citrate validates
that there is no preference for the (111) plane of NaCl with citric acid (Figure 7). However, a
significant preference was seen with dihydrogen citrate, which quantifies the MESP analysis and
corroborates the dependence of morphology on the pH of the solution.31g
Section 4.2:
It has been reported that nitrilotriacetic acid (NTA) is not a habit modifier for sodium
chloride.39c NTA has very close structural similarity having three carboxylic groups as citric acid
except nitrogen atom at the center in place of carbon. To check its additive behavior towards
NaCl, we have carried out a systematic study to examine the influence of NTA on NaCl crystals.
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This section of the thesis describes the conformational search carried out for NTA and its
dissociated forms (NTA-1, NTA-2 and NTA-3) with Monte Carlo search method employing MM2*
force field in aqueous phase.38a-38c The low energy conformers differ in terms of orientation of
acid functional groups in space and some of them are intramolecular hydrogen bonded. The
force field optimized conformations for NTA and its dissociated forms in aqueous phase were
taken for higher level DFT calculations at B3LYP/6-31+G* level of theory. The B3LYP/6-31+G*
optimized lowest energy conformation was found to be different from the MM2*38a-38c minimized
lowest energy conformation in the aqueous phase for all forms of NTA except for NTA-3 where
the lowest energy conformation remain same in both force field and B3LYP/6-31+G* level of
theory. The variations in the orientation of the functional groups of the calculated conformers
compared to the crystal structure geometries were due to the protonation of the nitrogen atom in
the later cases. The B3LYP/6-31+G* calculated structural parameters were found to be in
reasonable agreement with the corresponding crystal structures.
Figure 8: SEM images of bulk (a) and single (b) octahedron crystals of NaCl grown at pH = 2.7
in presence of NTA as an additive.
In this section, computational studies revealed that NTA can also act as habit modifier for
NaCl. To confirm this, we have carried out experimental studies at different pH conditions. Our
experimental studies have confirmed that NTA contaminated sodium chloride solution can
produce octahedron crystals instead of normal cubic crystals at specific pH conditions. The
concentration of NTA required to influence the habit of salt crystals from cubic to octahedron is
much less compared to the concentrations of other organic additives used for this purpose.31f,32c
The influence of NTA under different pH conditions towards the morphology of sodium chloride
crystals has been investigated by experimental and computational methods. The SEM image of
the bulk and single octahedron crystals at pH = 2.7 are given in Figure 8. The low energy
conformers obtained in previous section were used to derive quantum chemically molecular
electrostatic potential (MESP) to examine the possible sites of interaction for NTA and its
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dissociated forms with the important planes of NaCl. The interactions of NTA showed that there
is no preference for {111} plane of NaCl, however, the corresponding dissociated forms have
pronounced preference for {111} plane of sodium chloride. The composition analysis showed
that the contributing forms of NTA towards habit modification of NaCl would be mono-
deprotonated NTA (NTA-1), di-deprotonated NTA (NTA-2) and tri-deprotonated NTA (NTA-3) under
different pH conditions (Figure 9). The salt crystals were confirmed to have superior free-flow
characteristics compared to the normal cubic salt crystals.31f Further, the decomposition of NTA
over time in aqueous systems is also an added advantage for practical purposes. The detailed
understanding gathered in this present work would in general be valuable to design new
additives a priori.
Figure 9: Fractional distributions of NTA (series 1), NTA-1 (series 2), NTA-2 (series 3) and NTA-3 (series
4) species were shown as a function of pH.
Chapter 5: Exploiting Surface Energies towards Habit Modification of Rock Salt in
Presence of Organic Additives:
In the preceding chapter, we have mentioned the role of conformation of additives, pH of
the medium for growing the crystals towards the habit modifications of rock-salt. The predictions
were made with the interaction of additives and the surface of salt crystals. The estimation of
interaction of the additives with solid surfaces is physically difficult and hence we realized to
explore the quantity, which is physically measurable and can possibly relate to the changes
associated with morphology of salt crystals. This chapter describes the exploitation of surface
energies towards morphology of NaCl in presence of additive molecules. Surface energy can be
determined experimentally for solid surfaces.40a-40c On the basis of first principles calculation of
the surface energies before and after the adsorption of surface-capping agent (additive) of the
NaCl surfaces, we have proposed that the surface energy differences among the (100), (110)
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and (111) faces also plays an essential role in the habit modification of sodium chloride, together
with the interaction or binding energies. In accordance with the surface energy calculations of the
present study, the stability order of (100), (110) and (111) crystallographic surfaces of NaCl was
found to be (100) > (110) > (111) in the absence of additive molecules (Table 1). The reverse
trend, (100) < (110) < (111) has been observed when these surfaces were capped with known
additive molecules. Excellent agreement in this theoretical trend with other theoretically and
experimentally observed trends has been observed in both clean and adsorbed surface cases.
An interesting linear fit correlation has also been observed between surface energies and
interaction energies of additive adsorbed NaCl surfaces (Figure 10). Three dimensional (3D)-slab
model calculations have been performed to mimic the surfaces of sodium chloride with DFT
methods using conductor like screening model in aqueous phase (COSMO)39a,39b for the
interactions of additive molecules.
Table 1. Surface energies calculated for clean (100), (110) and (111) surfaces of NaCl slab
models in erg/cm2.
Methoda (100) (110) (111)
GGA/BLYP/DNP//LDA/PWC/DND 182 425 719
GGA/VWN-BP/DNP//LDA/PWC/DND 191 423 694
a GGA/PW91/DND and GGA/VWN-BP/DNP calculations were performed in aqueous phase with
LDA/PWC/DND aqueous phase optimized geometries.
(a)                                                                                    (b)
Figure 10: Plots of linear fits computed at GGA/BLYP/DNP // LDA/PWC/DND (a) and GGA/VWN-
BP/DNP// LDA/PWC/DND (b) for surface energies (erg/cm2) versus interaction energies (kcal/mol).
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